Composites were developed by reinforcing available non-woven Lyocell and viscose in acrylated epoxidized soybean oil (AESO). Compression molding was used to make composites with 40-60 wt% fiber content. The fiber content comprises only Lyocell or viscose fiber, or mixture of these fibers in known ratio. Hybrid composites were made by a mixture of both the fibers in known ratio and it affects the properties. The effect of hybridization was evident in most tests which gives us an opportunity to tailor the properties according to requirement. Lyocell fiber reinforced composites with 60 wt% fiber content had a tensile strength and modulus of about 135 MPa and 17 GPa, respectively. Dynamic mechanical analysis showed that the Lyocell fiber reinforced composites had good viscoelastic properties. The viscose fiber reinforced composites had the high percentage elongation and also showed relatively good impact strength and flexural modulus. Good fiber-matrix adhesion reflected in mechanical properties. SEM images were made to see the fiber-matrix compatibility.
Introduction
Bio-based resources are making significant contributions and have already replaced synthetic materials in many applications due to their intrinsic properties like renewability, recyclability, biodegradability, high strength-to-weight ratio and good thermal insulation properties. Bio-based resources include agricultural crops and residues, woods, grasses and all other plants as well. Some other terms like lignocelluloses, agro mass, biomass, and photo mass or photosynthetic mass could be used in the place of bio-based resources. 1 To develop novel composites from renewable materials, researchers have concentrated on natural fiber composites composed of natural or synthetic resins reinforced with fibers from natural origin. [2] [3] [4] Regenerated cellulose fibers like Lyocell and viscose fibers were also used to produce bio-based composites as they have good potential to be used in composites. [5] [6] [7] [8] [9] Regenerated cellulose fibers are inferior to glass fiber by mechanical performance. But the low density and non-abrasiveness of cellulose are strong advantages of regenerated cellulose fibers. Using these fibers as reinforcement gives a good mechanical properties which are comparable to natural fibers. [10] [11] [12] [13] [14] Interesting results were obtained from Lyocell-and viscose-based composites in a previous article. 15 The direct extraction of natural fiber from vegetable species can be less recommendable as the properties are intrinsically dependent on their locality, part of the plant from where they are collected, maturity of the plant and how the fibers are harvested, etc.
The matrix acts as a binder and transfers the stress to the fiber when subjected to load. Thermoset matrix have some good properties over thermoplastics as they have better stiffness, fatigue resistance, low creep, no stress relaxation, and relative ease of processing due to lower viscosity. 20 Furthermore, thermosetting matrix has some distinct properties as it obtains a permanent shape after curing, in that sense it could not be reprocessed, remolded, reshaped once it is crosslinked. 20 Bio-based thermoset matrix could be the material that originates from renewable resources like plant oil from soybeans, linseed, rapeseed, etc. and they are capable of replacing the resins derived from petrochemicals. To use plant oils as resin, they need to be suitably functionalized in order to add cross-linkable sites to the fatty acids of the triglyceride. 20 There are various bio-based resins from plant oils like soybean oil. Soybean oil like many other plant-based oils can be chemically modified in different ways to be used as resin; maleinated epoxidized soybean oil (MAESO), acrylated epoxidized soybean oil (AESO), methacrylated soybean oil (MSO) and methacrylic anhydride modified soybean oil (MMSO). 20 These resins have good mechanical properties that are comparable to those of petrochemical-based resins. 20 AESO was used as matrix in this project. Mechanical performance of these composites was characterized by various testing, and scanning electron microscope (SEM) analysis was done to see the fiber-matrix adhesion.
A wide range of molding techniques could be considered for composites manufacturing [20] [21] [22] ; compression molding technique was adopted in this study to reinforce regenerated cellulose fibers in AESO and produce bio-based composites which are further tested for mechanical properties. The hybrid composites were produced by combining two types of regenerated cellulose fibers.
Materials and methods

Materials
Two different types of non-woven regenerated cellulose fibers, Lyocell and viscose were used as reinforcements. Lyocell was supplied as fibers by Lenzing AG, Austria, with specific gravity of 1.5 gm/cm 3 , linear density 1.7 dtex, and average fiber length of 38 mm and diameter of 13.4 mm. Non-woven Lyocell mats with a surface weight of 525 g/m 2 were formed by carding and needling as reported by Adekunle 20 The viscose fiber nonwoven mats were supplied by Suominen Nonwovens Ltd, Finland, and they had a surface weight of 60 gm/ m 2 and a sheet thickness of 0.66 mm. Bio-based thermoset resin AESO derived from soybean oil was used as matrix; it is commercially available as Tribest S350-01 EXP supplied by Cognis GmbH, Germany. The cross-linking initiator (tert-butyl peroxy benzoate) was supplied by Aldrich Chemical Company, Wyoming, IL, USA.
Composite preparation
The mats were conditioned in a vacuum oven for 1 h at a temperature of 105 C in order to get rid of the moisture. Fiber mats were cut into 20 Â 20 cm 2 and stacked at 0 orientation. Hybrid composites were produced by adding known ratio of these two fibers in layers. Resin impregnation is important in order to achieve a low amount of voids in the final laminate. The resin was heated in an oven for 5 min at 80 C to decrease the viscosity and therefore to minimize the voids. The mixture of resin and 2 wt% initiator were sprayed on the fiber mats. The impregnated fiber mats were subjected to temperature of 170 C and pressure of 160 kN for 5 min using compression molding supplied by Rondol Technology Ltd., Staffordshire, UK. The specimens were cut from laminates by GCC LaserPro Spirit laser-cutting machine according to the international testing dimensions (dog bone shape for tensile and flat plates for flexural and impact). The fiber-resin fractions and naming of composites with respective to composition are shown in Table 1 . The amount of fiber in the composites varies from 40 wt% to 60 wt%. The effect of one fiber in the hybrid composites was noticed by changing the amount of each fiber used.
Mechanical testing
The tensile testing was carried out according to ISO 527 standard in Tinius Olsen H10KT testing machine with extensometer to measure the strain. Ten dumbbellshaped specimens were examined for each sample in the machine direction of the fibers. The gauge length was 50 mm while the test speed was 10 mm/min as per the standard. The flexural testing was performed according to ISO 14125 standard using the same machine as tensile testing. The capacity of load cell used was 5 kN. Threepoint bending test was done and five specimens were tested for each batch in the transverse direction of the fibers.
Charpy impact testing was performed according to ISO 179 with a Zwick test instrument. Ten un-notched specimens from each sample were tested to get the mean impact strength value. Test was carried out flatwise according to the standard.
Dynamic mechanical thermal analysis
The viscoelastic behavior of the composites was determined by using dynamic mechanical thermal analysis (DMTA) with a dual cantilever type Q800 series instrument from TA Instruments, Newcastle, DE, USA. Three specimens were tested for each laminate. Specimen dimension was 62 mm in length and 15 mm in width. The frequency was 1 Hz while the temperature range was from 30 C to 150 C.
Scanning electron microscopy
Morphological analysis was done by studying the crosssection of the fractured specimens by environmental scanning electron microscope (ESEM), FEI Quanta 200 F. The equipment was run at low vacuum and high voltage (5-10 Kv). This is done to see the fibermatrix interface and pores.
Results and discussions Mechanical testing
Tensile testing. Tensile strength of regenerated cellulose composites was comparable and even higher than some natural fiber composites, tensile strength of woven jute composites was below 50 MPa. 15 The tensile strength of Lyocell-and viscose-based composites was higher around 100 MPa and 80 MPa, respectively. 15 The tensile properties of neat fibers, flax and Lyocell showed that the Lyocell had better tensile strength, modulus and elongation than flax fibers.
14 The superior properties of the regenerated cellulose fibers reflect in the composites.
The tensile properties of neat fibers, Lyocell and viscose, showed that the Lyocell had superior properties than viscose which reflected in composites. 10, 12 The results from this paper showed that Lyocell-based composites had clearly better tensile strength than the viscose fiber reinforced composites (VFRC) and the hybrid composites, Figure 1 (a). The tensile strength was approximately 135 MPa when 60 wt% of the composite was Lyocell fiber and the remaining was matrix. At the same fiber-matrix fraction, the tensile strength was about 96 MPa when the Lyocell is replaced with viscose fiber. As expected, the tensile strength increased with increased reinforcement content for both Lyocell and viscose reinforced composites. The consistency in the outcomes could be due to the evenness in impregnation, curing conditions, and orientation of the entire fabric sheets in single direction. When the different sheets are aligned in different directions in same composite, the results will vary with the composite in which sheets are aligned in one direction. 20 Lyocell improved the tensile strength of the hybrid composites and it was seen when part of viscose fibers were replaced with Lyocell fibers. The tensile strength was taken up from 94 MPa to 117 MPa by changing the composition of the hybrid composites.
The tensile modulus of Lyocell was higher than some natural fibers such as flax and jute, 14, 15 and Lyocell has more than two times higher modulus than viscose fiber. 10, 12 The tensile moduli of the regenerated fiber composites, both Lyocell and viscose, increased with a surge in fiber content from 40 wt% to 50 wt%, Figure 1 14 GPa to 16 GPa in the case of Lyocell-based composites while it was raised from 9 GPa to 12 GPa in case of viscose-based composites. But, unexpectedly, there was no rise in the modulus when the fiber content was increased from 50 wt% to 60 wt% in single fiber reinforced composites. This shows that 50% is the maximum amount of fibers that allows an effective impregnation and could be the saturation limit. 23 Modulus of the hybrid composites increased from 11 GPa to 15 GPa on changing the Lyocell-viscose-matrix ratio of the composites. This is due to the increase of fiber content from 50 wt% to 60 wt% of the composite and increase of Lyocell fiber from 20 wt% to 30 wt% of the fiber content. Proper impregnation and load transfer over the interface improves the properties. In general, the tensile modulus increased upon increase in reinforcement which gave stiffness to the composites.
The percentage elongation of VFRC is shown in Figure 2 . It is concluded that the VFRC have good percentage elongation which is approximately 2.5% for all three different fiber contents. This was anticipated due to the higher percentage elongation of viscose. 10, 23, 24 On the other hand, percentage elongation of composites based on Lyocell was less than 2% irrespective of fiber content. It was expected due to the properties and morphology of regenerated cellulose fibers itself. 10, 24, 25 Neat viscose fiber's elongation was 15.4% while Lyocell elongation was only 8.7%. 10 In contrast, the hybrid composites had the percentage elongation between 2% and 2.5% which is due to the involvement of both Lyocell and viscose fibers. The high percentage elongation of viscose fibers contributed to bring up the values.
Flexural testing. Similar to the tensile strength, the flexural strength of the regenerated cellulose is higher than some natural fiber composites such as jute, sisal, etc. 10 The flexural strength of jute composites was less than 100 MPa while Lyocell composites had around 130 MPa. 10 The hybrid composite had better flexural strength than Lyocell and VFRC. Figure 3(a) shows the flexural strength of the Lyocell and VFRC. When the composites were reinforced with 60 wt% of Lyocell and viscose fibers, the flexural strength of 127 MPa and 92 MPa, respectively was observed. At the same amount of the fiber content in hybrid composites, 50 wt% of each fiber, the flexural strength was better and was approximately 140 MPa. Therefore, the effect of hybridization was considerable in case of flexural strength of the produced composites.
The flexural strength of VFRC decreased with the increase of fiber content. This trend was different and not dependable on tensile strength. Similar results were obtained from hemp fiber composites. 26 This could be due to ''kinking''; weak spots could be the source of kink that produces alternate for compression wave form in the fibers 26 and, therefore, induces stress concentration on matrix which might initiate crack. It reduced from 101 MPa to 92 MPa with the increase of 20 wt% fiber, which was contrary to Lyocell fiber reinforced and hybrid composites as it had noticeable increase in flexural strength with increase in fiber content. the produced composites, which is about 7 GPa for 60 wt% fiber content. VFRC had flexural modulus of 5 GPa for the same fiber content. On mixing the fibers, the hybrid composites had flexural modulus of 6 GPa.
Impact testing. The impact strength of jute fiber composites was around 15 kJ/m 2 , on addition of Lyocell to make hybrid composites increase the strength to 40 kJ/m 2 . 15 The impact resistance properties of the composites are illustrated in Figure 4 , which indicates the amount of energy absorbed in the cross-sectional area of the specimen. Lyocell fiber reinforced composites (LFRC) had impact strength between 40 kJ/m 2 and 50 kJ/m 2 . VFRC and the hybrid composites had impact strength between 45 kJ/m 2 and 50 kJ/m 2 . Longer average fiber pull-out lengths cause higher impact strength and this could be the reason for high impact resistance of VFRC. Good interfacial adhesion between fiber and matrix results in shorter pull-out lengths, which makes the specimen brittle and lowers the impact resistance in the specimen. Therefore, LFRC had lower impact strength than VFRC due to better interfacial adhesion. These results were anticipated, as regenerated cellulose fibers are different from natural fibers by nature and morphology. 23, 24 Previous studies showed that the impact behavior of regenerated cellulose fiber reinforced composites is different from natural fiber reinforced composites. 20 Dynamic mechanical thermal analysis Figure 5 (a) and (b) was obtained from DMTA. The storage modulus (E 0 ) is a measure of elastic response of the specimen. LFRC had the highest storage modulus and changing the fiber content from 40 wt% to 60 wt% reduced the elastic response. At 35 C, E 0 for composite having 40 wt% fiber was 4805 MPa which reduced to 4672 MPa when fiber was increased to 60 wt% fiber. Similar trend was observed for viscose fiber reinforced and hybrid composites. The storage modulus was 3761 MPa when the composite was made of 40 wt% fiber, the elastic response reduced to 3600 MPa and 3542 MPa on increasing the fiber content to 50 wt% and 60 wt%, respectively. The reason could be due to reduction of the amount of matrix used in composites which in turn reduces the fiber-matrix bonding due to insufficient adhesion material.
The hybrid composites had lower storage modulus than LFRC and VFRC due to incompatibility in the hybrid composite structure and resulted in delamination. The storage modulus was between 3000 MPa and 3500 MPa at 35 C for hybrid composites and it had similar trend of LFRC and VFRC where the storage modulus reduced on fiber weight decrease in composites. The fiber dependency on E 0 was seen when the amount of matrix was kept constant and the ratio of Lyocell-viscose mixture was changed. This effect of hybridization will help to tailor the properties for specific applications.
The loss modulus shows the viscous behavior of the specimen. Loss modulus of LFRC was better than the viscose-based composites and it was between 200 MPa and 250 MPa at 35 C for fiber content between 40 wt% and 60 wt% of the composites, shown in Figure 5(a) . For the same fiber content of the composites, viscosebased composites exhibit a loss modulus between 150 MPa and 200 MPa. The loss modulus also decreased on reduction of fiber wt% in composites. LFRC showed better viscoelastic properties than viscose-based composites.
Hybrid composites consisting same amount of matrix but with differences in Lyocell-viscose content had approximately same loss modulus, and it reduced on matrix reduction which is expected from above findings, Figure 5 (b).
The T g values were measured from the maximum point of tan d curve and it was between 80 C and 85 C for regenerated fiber reinforced composite specimens; for both Lyocell and viscose fiber as shown in Table 2 . Hybrid composites with 50 wt% and 60 wt% fiber content had higher T g values. The value of T g will fluctuate little depending on which curve is used to detect the transition. The comparison of glass transition from loss modulus and tan d curves is given in Table 3 . The glass transition temperatures obtained from tan d curve are exaggerated as they gave greater values than what is obtained through loss modulus curve, Table 3 . According to loss modulus curves, the glass transition of the composites lies between 62 C and 68 C, Table 3 . The specimen damping of a composite material could be analyzed using DMTA. The ratio of loss modulus (E 00 ) to storage modulus (E 0 ) gives the damping (tan hybrid composite, Table 2 . Hybridization had major effect on damping properties; however, Lyocell and VFRC values were also noteworthy. Tan d was around 0.05 for LFRC and VFRC but it was around 0.06 for hybrid composites.
Higher storage and loss modulus show better fibermatrix adhesion and it indicates better fiber-matrix adhesion in Lyocell-based composites than others. Higher T g and tan d of hybrid composites signify the importance of fiber mixture composites.
Scanning electron microscopy Figure 6 shows the SEM images of tensile fractured samples. It can be observed that the interfacial adhesion between fiber and matrix varied with two different regenerated cellulose fibers. Lyocell fiber had better fibermatrix adhesion than viscose fiber, which confirms the results from mechanical tests. There was limited fiber pull-out which resulted in good mechanical properties and lower impact strength in LFRC. One can see the broken end sites on the fractured surfaces which imply that the fiber-matrix interface is intact. Nevertheless, one could spot few pores which reduce the interface area between fiber-matrix. Figure 6(a) shows that the viscose fiber composites had less pores than Lyocell fiber composites in Figure 6 (b); therefore, it had higher interfacial area with AESO matrix. But VFRC had longer fiber pull-out when compared to Lyocell-based composites and this was confirmed in hybrid composites where viscose fibers pull-out was noticed. This could be the reason for the inferior mechanical properties than Lyocell-based composites and better impact strength. Figure 6 (c) of hybrid composite illustrates that viscose fibers extend outside surface but Lyocell fibers stayed to the surface. Uneven spreading of matrix in hybrid composites is shown in Figure 6 (d). This could be due to incongruity of the hybrid composite structure and nonhomogeneous wetting of fibers with the resin. Spreading of matrix was uneven and this is the reason for the delamination of the layers. In general, limited fiber pull-out implies strong interfacial bonding which gives good tensile strength as it needs more load to pull-out fiber from matrix. LFRC had higher tensile strength and this shows good fibermatrix adhesion.
Conclusions
Regenerated cellulose-based composites were prepared and analyzed as they showed good properties in previous research. 15 Lyocell and VFRC, both being regenerated cellulose gave dissimilar results because of their fiber properties and morphology. Lyocell and viscose fibers were studied in terms of morphology and fiber properties, and the results showed that the fibers differ largely. This could be due to dissimilar morphology and properties. 27, 28 Due to these reasons, the physical and mechanical properties change. LFRC showed better results in all cases except for the percentage elongation and impact resistance. In general, both Lyocell and viscose-based composites had good mechanical properties and fiber-matrix adhesion compared to some natural fiber composites. LFRC had better tensile and flexural strength which indicates good compatibility of Lyocell fiber and AESO matrix. This result is supported by short fiber pull-out during tensile test. SEM images illustrate some pores in Lyocell-based composites which reduce the interfacial area between fiber and matrix. VFRC had lesser pores and larger interface area than Lyocell-based composites. Viscose-based composites had good impact strength and percentage elongation. It also had longer fiber pull-out than Lyocell-based composites. Lyocell had good storage and loss modulus which indicates better fiber-matrix bonding. Hybrid composites were manufactured by combining two fibers and it improves the properties of the composites, especially impact resistance. Flexural strength and tan d were also comparable to other composites which showed significant effect of hybridization. However, SEM images showed that the compatibility between two fibers as uneven spreading of matrix was seen. It also explains the delamination possibility during composite manufacturing and testing. Hybridization with two regenerated cellulose fiber, Lyocell and viscose, could help to improve the properties and it could be used in various applications if delamination and uneven matrix spreading is addressed and solved. The produced composites could replace several natural fiber composites and these composites could be used in various technical applications.
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